Object. The yield of CT angiography (CTA) and MR angiography (MRA) in patients with subarachnoid hemorrhage (SAH) who have a negative initial catheter angiogram is currently not well understood. This study aims to determine the yield of CTA and MRA in a prospective cohort of patients with SAH and a negative initial catheter angiogram.
N oNtraumatic SAH affects between 20,000 and 30,000 people in the US each year 23 and carries up to a 45% risk of 30-day mortality, as well as poor functional outcome among survivors. [13] [14] [15] 33 Although the majority of cases of SAH are caused by ruptured cerebral aneurysms, 33 prior studies have shown that in 5%-36% of cases the initial catheter angiogram does not reveal a causative cerebral aneurysm or other vascular abnormality. 2, 3, [5] [6] [7] [8] 12, 17, 26, [28] [29] [30] [31] [32] 35 Prompt identification of patients who have a vascular abnormality as the cause of SAH, despite Diagnostic yield of computed tomography angiography and magnetic resonance angiography in patients with catheter angiography-negative subarachnoid hemorrhage a negative initial catheter angiogram, is important, because instituting treatment may avert rehemorrhage as well as increased morbidity and death. 14 The yield of repeat catheter angiography in SAH patients with a negative initial catheter angiogram has varied widely in prior retrospective studies, ranging from 0% to 36%. 2, 3, 5, 6, 9, 11, 16, 17, [19] [20] [21] 25, [28] [29] [30] [31] [32] With the advent of rotational catheter angiography and 3D reconstructions, the number of false-negative initial catheter angiograms may be lower. 18, 35 In recent years, advances in CTA and MRA have allowed these techniques to become valuable noninvasive alternatives to catheter angiography for the evaluation of patients with SAH, with some institutions advocating that CTA be the primary means of diagnosis. 1, 4, 10 However, catheter angiography continues to be the gold-standard for the evaluation of this patient population and remains the primary means of diagnosis at many centers. 22, 27 Prior studies of SAH patients with a negative initial catheter angiogram have consistently shown the yield of MRA to be 0%, 2, 25, 26, 31 while the yield of CTA in this clinical scenario has ranged from 0% to 14% in retrospective studies, 2, 25, 31 and was reported to be as high as 29% in a single prospective study of 21 patients. 12 This study aims to determine the yield of CTA and MRA for the detection of causative cerebral aneurysms in a prospective cohort of SAH patients who had a negative initial catheter angiogram.
Methods

Patient Selection and Study Protocol
The study was approved by Washington University's institutional review board and conducted in compliance with the Health Insurance Portability and Accountability Act. Informed consent was obtained from the patient or designated health care proxy prior to study enrollment. From January 1, 2005, until September 1, 2010, we conducted a prospective study of patients who presented to Washington University in St. Louis with nontraumatic SAH, as evidenced by either a noncontrast CT examination of the head or CSF xanthochromia, and who had an initial catheter angiogram that was negative for a causative vascular abnormality within 24 hours of admission. The study protocol consisted of performing CTA and MRA examinations of the intracranial circulation within 24 hours of the initial catheter angiogram.
Image Acquisition
Noncontrast CT acquisitions were performed according to standard protocols on 16-, 40-, or 64-slice helical CT scanners (Somaton Sensation, Siemens AG). The CTA acquisitions were performed according to standard protocols on 40-or 64-slice helical CT scanners (Somaton Sensation). The noncontrast CT examination was performed using an axial technique with 120 kVp, 400 mAs, 10-second scan time, and 4.8-mm collimation. Computed tomography angiography was performed by scanning from the base of the C-1 vertebral body to the vertex using the following parameters: axial technique, 0.5 pitch, 1.25-mm collimation, 350 maximal mA, 120 kVp, 22-cm FOV, and 85-100 ml of iodinated contrast material administered by power injector at 4-5 ml per second into an antecubital vein, with automated contrast bolus tracking triggering scanning once opacification in the aortic arch reached 50 Hounsfield units.
Magnetic resonance angiography examinations were performed on either 1.5-T or 3-T scanners (Symphony 1.5-Tesla and Trio 3-Tesla, Siemens AG) using standard arterial time-of-flight sequences provided by the vendor.
Catheter angiography was performed using a dedicated biplanar neuroangiographic unit (Axiom Artis, Siemens AG) with transfemoral arterial access and intravenous conscious sedation. All catheter angiograms included biplanar intracranial images after selective catheterization and contrast injection (Optiray 320, Covidien) of both common carotid arteries and at least 1 vertebral artery. Standard anteroposterior, lateral, and at least 2 oblique views of each vessel injected were obtained as part of our routine imaging protocol. In cases in which reflux opacification of the contralateral vertebral artery and PICA was not achieved from a given vertebral artery injection, we catheterized the contralateral vertebral or subclavian artery for imaging of the ipsilateral vertebral artery and PICA. Rotational angiography with 3D reconstructions was performed at the discretion of the interventional neuroradiologist, but is not part of the routine imaging protocol at our institution.
Image Analysis
The noncontrast CT examinations were independently reviewed by 2 experienced neuroradiologists to determine the pattern of SAH, categorized as perimesencephalic or nonperimesencephalic, as well as the Fisher scale. Perimesencephalic SAH was defined as SAH located mainly within the interpeduncular, prepontine, premedullary, ambient, and/or quadrigeminal plate cisterns without extension to the ventricular system, as defined by van Gijn et al. 34 All diagnostic catheter angiograms were performed and interpreted by 1 of 3 attending interventional neuroradiologists (C.P.D., C.J.M., and D.T.C.). The CTA source images were independently reviewed by the same 2 experienced neuroradiologists (J.E.D.A. and B.D.J.) to determine the presence of a causative vascular abnormality for the SAH. Multiplanar and volume-rendered 3D reconstructions were also performed and reviewed utilizing a dedicated Vitrea workstation (Vital). The MRA source images and standard rotational maximum intensity projection reconstructions generated by the vendor-provided software were independently reviewed by the same 2 neuroradiologists (J.E.D.A. and B.D.J.) blinded to the CTA interpretations. Differences in reader interpretation for the SAH pattern and presence of a causative vascular abnormality in either the CTA or MRA examinations were adjudicated by consensus.
After review of the CTA and MRA examinations, the presence of a causative vascular abnormality for the SAH was established by consensus of a panel comprised of experienced diagnostic and interventional neuroradiologists as well as vascular neurosurgeons. Treatment decisions were also reached by consensus of this panel.
Medical Record Review
Medical records were reviewed for patient age, sex, family history of cerebral aneurysms, smoking history, admission Hunt and Hess grade, external ventricular drain and ventriculoperitoneal shunt placement, intensive care unit LOS, and hospital LOS.
Statistical Analysis
Statistical analysis was performed utilizing the MedCalc software package (version 11.1, MedCalc Software). Interobserver agreement for the SAH pattern categorization, as well as the identification of a causative cerebral aneurysm in the CTA and MRA examinations, was determined with the k statistic. A probability value ≤ 0.05 was considered statistically significant.
Results
From January 1, 2005, until September 1, 2010, a total of 1215 patients presented to our institution with nontraumatic SAH. Of these patients, 87 (7.2%) had an initial catheter angiogram that was negative for a causative vascular abnormality, 77 (88.5%) of whom provided informed consent and were enrolled in this prospective study. Mean patient age was 52.8 years (median 54 years, range 19-88 years). Fifty patients were female (64.9%) and 27 male (35.1%). Table 1 summarizes the clinical and radiological characteristics of the patient cohort.
Forty-three patients had nonperimesencephalic SAH (55.8%), 29 patients had perimesencephalic SAH (37.7%), and 5 patients had CSF xanthochromia (6.5%). Interobserver agreement for the categorization of SAH in the noncontrast CT acquisitions was excellent (k = 0.91, 95% CI 0.89-0.93). Computed tomography angiography was performed in all patients and MRA was performed in 73 patients (94.8%). There were 4 patients who did not undergo evaluation using MRA (5.2%), due to claustrophobia in 1 patient, urgent surgical treatment of a cerebral aneurysm demonstrated by CTA in 2 patients, and MRI of the brain without MRA of the intracranial circulation in 1 patient. The mean time interval between the initial catheter angiogram and CTA evaluation was 1.05 days (median 1 day, range 0-7 days), and for MRA evaluation was 1.28 days (median 1 day, range 0-5 days).
Computed tomography angiography demonstrated a causative vascular abnormality for the SAH in 4 patients (yield of 5.2%), all of whom had nonperimesencephalic SAH (yield of 9.3%). All of the vascular abnormalities identified by CTA were cerebral aneurysms. Aneurysm locations were 1 ACoA (Fig. 1 ), 1 PCoA (Fig. 2 ), 1 PICA (Fig. 3) , and 1 distal PCA (Fig. 4) . Two of these aneurysms were saccular and 2 fusiform in morphology. Mean aneurysm size was 2.6 mm (median 2.45 mm, range 2.1-3.3 mm). Two of these aneurysms underwent surgical clipping and 2 underwent endovascular coil embolization. There was excellent interobserver agreement for identification of causative cerebral aneurysms in the CTA examinations (k = 0.88, 95% CI 0.86-0.9).
Magnetic resonance angiography demonstrated only 1 of the 4 aneurysms because 2 patients underwent treatment immediately after CTA evaluation, and in 1 patient the field of view did not include the aneurysm location. There was excellent interobserver agreement for identification of causative cerebral aneurysms in the MRA examinations (k = 0.91, 95% CI 0.89-0.93). No causative vascular abnormalities were found in patients with perimesencephalic SAH or CSF xanthochromia.
In 1 patient with nonperimesencephalic SAH, the CTA and MRA examinations demonstrated a 2-mm ACoA aneurysm that was found to be a fenestration in a repeat catheter angiogram.
Rotational angiography with 3D reconstructions of at least 1 vessel in the initial catheter angiogram was performed in 9 patients (11.7%). None of the patients later found to have a causative cerebral aneurysm by CTA had rotational 3D angiography performed.
Retrospective review of the initial catheter angiograms showed that in 1 patient the vascular abnormality was evident but not recognized by the initial reader (Fig.  3) , in 2 patients the vascular abnormality was recognized by the initial reader but not interpreted as the cause of SAH (Figs. 2 and 4) , and in 1 patient the vascular abnormality was not evident (Fig. 1) .
Discussion
This study represents the largest prospective assessment of the yield of CTA and MRA in patients who present with SAH and have a negative initial catheter angiogram. We found that the overall yield of CTA in such patients was 5.2%, and that the interobserver agreement for the identification of causative cerebral aneurysms by CTA was excellent. This yield is in the lower end of the range of past retrospective studies (0%-14% 2, 25, 31 ), and is substantially lower than the only other prospective study published to date (29% yield for CTA in 21 patients 12 ). In our study, all of the positive CT angiograms were found in patients with nonperimesencephalic SAH, with a yield of 9.3% in this patient subset. Past studies have also noted that all patients with positive follow-up CT angiograms had nonperimesencephalic SAH. 2, 25, 12, 31 Hence, these results suggest that performing CTA after a negative initial catheter angiogram may only be indicated in patients with nonperimesencephalic SAH.
We found that the aneurysms demonstrated by CTA were not preferentially localized to any particular blood vessel or region of the skull base. This is in contradistinction to the previous prospective study, in which the ACoA region was the most frequent site of aneurysms diagnosed by CTA that were not diagnosed on initial catheter angiography. 12 Our results suggest that the added value of CTA in this patient population may stem from the ability to perform multiplanar reformations and 3D reconstructions from the axial CTA source images, which allows the reader of the image to evaluate the blood vessel of interest from multiple angles.
The performance of MRA following CTA in our patient cohort did not yield clinically significant information. No patient with negative catheter and CT angiograms had a causative vascular abnormality noted on MRA (0 of 70 patients). Of the 4 patients who had a cere-bral aneurysm identified by CTA after a negative catheter angiogram, 2 did not undergo MRA due to urgent aneurysm treatment, 1 underwent MRA that did not diagnose the cerebral aneurysm because the lesion was out of the field of view, and only 1 had the presence of the cerebral aneurysm confirmed by MRA. These results suggest that a strategy of CTA followed by MRA for this patient population is not necessary. However, adequate assessment of * All data given as number of patients (%). Abbreviations: EVD = external ventricular drain; ICU = intensive care unit; Perimes = perimesencephalic; VP = ventriculoperitoneal; Xantho = xanthochromia.
the utility of MRA in our patient cohort is not possible, because not all patients underwent evaluation using this technique.
The frequency of patients with SAH who have a negative initial catheter angiogram in our study (7.1%) is at the lower end of the range reported in previous studies (5%-36% 2, 3, [5] [6] [7] [8] 12, 17, 26, [28] [29] [30] [31] [32] 35 ). At our institution, we follow a standard imaging protocol for the evaluation of patients with SAH that includes anteroposterior, lateral, and multiple oblique views of each vessel injected, adequate opacification of the ACoA utilizing cross-compression of the contralateral common carotid artery if needed, as well as imaging of the contralateral vertebral or subclavian artery when reflux opacification of the origin of the PICA is not achieved. 24 This rigorous standard imaging protocol may account for the lower incidence of negative initial catheter angiograms in our study. However, our imaging protocol does not require performing rotational angiography with 3D reconstructions in these patients, which may have lowered the frequency of patients with catheter angiography-negative SAH in our study. None of the 4 patients who were later found to have a causative cerebral aneurysm by CTA had rotational angiography performed. Obtaining high-quality rotational angiography with 3D reconstructions in patients with acute SAH, however, is often difficult due to patient motion. A reasonable protocol could be to perform rotational angiography with 3D reconstructions in any injection where a subtle abnormality is found in the initial 2D angiogram, but cannot be definitively diagnosed as the cause of SAH, such as the cases illustrated in Figs. 2 and 4 . This strategy may permit a definitive diagnosis of the ruptured aneurysm in the initial catheter angiogram, rather than in the subsequent CT angiogram.
Our study's limitations are the lack of rotational angiography with 3D reconstructions in the initial catheter angiogram in all patients, modest sample size, and the performance of MRA after CTA by protocol, which does not allow our study to draw definitive conclusions regarding the utility of MRA as a stand-alone noninvasive imaging modality in this patient population.
Conclusions
Computed tomography angiography is a valuable adjunct in the evaluation of patients with nonperimesencephalic SAH who have a negative initial catheter angiogram, which demonstrated a causative cerebral aneurysm in 9.3% of patients in this study. The yield of CTA and MRA in patients with perimesencephalic SAH and CSF xanthochromia, who have a negative initial catheter angiogram, is low. 
